Neurospora glycogen synthetase (EC 2.4.1.11) occurs in 100,000 X g particles. The two forms (glucose-6-phosphate dependent-independent) of glycogen synthetase were solubilized and separated by digitonin treatment of the 100,000 X g particles. Glucan synthetase activity of Neurospora was found only in a cell-wall preparation. These two enzymes have been characterized in relation to the paramorphogenic action of sorbose. Sorbosegrown cultures showed a marked decrease in the specific activity of both enzymes, as compared to sucrose-grown wild-type cultures. Sorbose inhibited the activity of the wild-type enzymes both in vivo and in vitro. In the presence of 5 mM sorbose incorporation of [14C]glucose from 1'4Cluridinediphosphate glucose into glycogen by the dependent form of glycogen synthetase was completely inhibited. Thus, the paramorphogenic action of sorbose seems to result from its inhibition of these enzymes of cell-wall biosynthesis. Activities of the enzymes from the sorbose-resistant mutant, patch, were not affected by sorbose either in vivo or in vitro.
In an approach to the biochemical basis of development, we have studied morphological mutants of Neurospora. Mutations that cause changes in the external appearance and growth pattern of Neurospora are known to occur at no less than 80 different genetic loci (1) . About 10 of these mutations appear to affect the primary structures of particular enzymes (2) (3) (4) (5) (6) ). An alternative approach to the biochemistry of development is the study of phenocopies of genetic mutations. In this paper, we describe the result of such an approach. Tatum, Barratt, and Cutter (7) showed that irsorbose, when added to growth medium causes wild-type strains of Neurospora to grow as very restricted colonies on an agar plate, or as tight pellets in liquid medium. This discovery provided a useful methodological tool in performing high-resolution genetic analysis. However, the mechanism of the chemical induction of morphological changes by sorbose has remained essentially unknown.
The morphology of Neurospora is presumably determined by its rigid cell wall. de Terra and Tatum (8) have shown that the sorbose-induced colonial morphology of Neurospora is indeed accompanied by a change in the chemical composition of the cell wall. Subsequent studies (9, 10 ) from this laboratory have established a marked decrease in the concentration of the cell-wall ,B-1,3-glucan in the presence of sorbose.
In this paper, we describe the effect of sorbose on enzymes of polysaccharide biosynthesis. Sorbose is found to adversely affect the activities of wild-type glycogen (a-1,4-glucan) synthetase (EC 2.4.1.11) and #-1,3-glucan synthetase-both in vivo and in vitro. In the mutant patch (11) , which is relatively resistant to the paramorphogenic action of sorbose, these enzymes are not affected by sorbose.
MATERIALS AND METHODS
Strains and Cultures. The Rockefeller University wildtype of Neurospora crassa (RL-3-8A) and the sorbose-resistant mutant, patch, described by Stadler (11) were used. These strains were routinely grown in 2%-sucrose minimal medium (12) (14) . Freshly harvested Neurospora mycelia (16-to 40-hr culture) were ground at 4°C with an equal weight of sea-sand, and were then extracted in 10 volumes of 0.1 M Tris HCl buffer (pH 7.6). The extract was centrifuged at 4000 X g and the supernatant solution, called the crude extract, was saved. The crude extract was usually centrifuged at 100,000 X g for 60 min, and the pellet thus obtained was dissolved in the buffer. This was used as the source of the enzyme. The I and D forms of glycogen synthetase were separated by digitonin-solubilization (15) . The 100,000 X g particles were treated with digitonin (0.5%) for 1 hr and then centrifuged at 25,000 X g for 20 min. The supernatant solution (Fraction 1) was saved; the remaining pellet was further treated for 16 hr and then recentrifuged. The supernatant solution (Fraction 2) and the residual pellet were saved. All fractions were assayed for enzyme activity. These digitonin-solubilized enzyme preparations (Fractions 1 and 2) (14) . Glucose-6-phosphate (4 mM) was added to the reaction mixture in order to determine the activity of the D form of glycogen synthetase. The I form of synthetase activity was determined in the absence of glucose-6-phosphate. The 3-1,3-glucan synthetase was assayed according to the methods of Feingold et al. (15) . Protein was determined by the method of Lowry et al. (16) . The specific activity of the polysaccharide synthetases is expressed as the amount of radioactivity (cpm) incorporated into glucan polymer by 1 mg of protein. Ascending paper chromatography was performed in 1-propanol-ethyl acetate-water 7:1:2 for 20 hr; sugars were located with silver nitrate, and 1-cm wide strips cut from identical chromatograms were counted for radioactivity.
Other Enzymes. Activities of glucose-6-phosphate dehydrogenase, phosphoglucomutase, 6-phosphogluconic acid dehydrogenase, phosphoglucoseisomerase, hexokinase, and NADPlinked isocitrate dehydrogenase were determined in crude extracts of lyophilized mycelium. Appropriate substrates and cofactors (ATP for hexokinase) were added, and the reduction of NADP was followed spectrophotometrically.
RESULTS
In previous studies (9, 10) the concentration of 3-1,3-glucan in the cell wall of wild-type Neurospora was decreased 50% by growth in sorbose medium. The amount of total glycogen (a-1,4-glucan) is also markedly reduced in sorbose-grown cultures (Mishra and Tatum, unpublished) . For these reasons, we have characterized the enzymes concerned with synthesis of these specific glucan polymers. The wild-type and mutant (patch) polysaccharide synthetases were compared in their responses to sorbose. The data presented in Tables 1-5 are representative of at least three independent experiments. Enzymes Neurospora Glycogen Synthetase was isolated as a particulate fraction. All the enzyme activity originally present in the crude extract of sucrose-or sorbose-grown cultures of wildtype or mutant Neurospora was sedimentable at 100,000 X g. The 100,000 X g particles contained both glucose-6-phosphatedependent and independent activities. The activities of the wild-type D and I forms of the enzyme were found to vary at different phases of the growth of Neurospora cultures, but were almost equal in actively growing cultures. The wild-type strain grown in sorbose showed a marked reduction in the activities of both synthetases (Table 3) . At lower concentrations of sorbose, there was a good correlation between the severity of the morphological effect and the decrease in specific activity of glycogen synthetase. Although the specific activities of synthetases from the mutant strain were slightly less than those of the wild-type strain grown in sucrose, the sucrose-and sorbose-grown cultures of the patch mutant possessed synthetases of similar specific activities. Thus, the data presented in Table 3 show that while growth in sorbose significantly decreased the specific activities of both wild-type synthetases, the synthetases of the patch mutant remained unaffected.
In vivo Sorbose-Effect. Transfer experiments were also performed to examine further the in vivo effect of sorbose (Table 4) . When a wild-type culture grown in sucrose medium was briefly exposed to sorbose, marked declines in the specific activities of both synthetases were seen. Inactivation of the glycogen synthetase was dependent on the time of exposure to sorbose: within 30 min, more than 50% inactivation occurred; less than 10% of the enzyme activity remained after 2 hr in sorbose medium. In similar transfer experiments, the glycogen synthetase of the patch mutant showed no inactivation in up to 2 hr of exposure to sorbose in growth medium ( Table 4) .
The sorbose-induced inactivation of wild-type synthetases depended on the concentration of sorbose in the medium ( Table 4 ). The addition of glucose or xylose overcame the effect of sorbose. Fructose was less effective in overcoming the effect of sorbose (Table 4 ).
In vitro Effect of Sorbose
The I and D forms of glycogen synthetase were tested separately for their ability to incorporate [14C]glucose from [14C]UDPG into glycogen in the presence of sorbose. The wild-type D enzyme was essentially inactive in the presence of 5 mM sorbose. 5 mM Sorbose had no effect on the wild-type I enzyme, or on the I and D enzyme activities from the mutant strain. However, 20 mM sorbose caused about 30% inhibition of ['4C]glucose incorporation in vitro by the wild-type I enzyme. Sorbose also inhibited [14C]glucose incorporation by the wild-type f-1,3-glucan synthetase, but not by the enzyme from the patch strain. These data are presented in Table 5 .
Effect of Other Sugars
In contrast to isorbose, D-sorbose, when added to the growth medium of Neurospora, had no paramorphogenic effect on the wild-type strain. Furthermore, the in vitro activity of the wildtype glycogen synthetase was not adversely affected by the addition of D-sorbose and other ketohexoses (D-fructose and D-tagatose) or by D-fucose (deoxyhexose). Glucose increased the in vitro activity of the wild-type glycogen synthetase. In the presence of 10 mM glucose, the in vitro activity of glycogen synthetase increased by 100%. A higher concentration of glucose (50 mM) could even alleviate the adverse effect of i sorbose on [14C]UDPG incorporation into glycogen.
Effect of Sorbose on Other Enzymes of Carbohydrate Metabolism
In previous reports (2-6) from our laboratory, the morphological changes in several mutants of Neurospora have been related to mutationally altered enzymes of carbohydrate metabolism. Sorbose was, therefore, tested for a possible effect on any of these enzymes. Crude extracts prepared from sucrose-grown and sorbose-grown Neurospora had essentially the same specific activities of glucose-6-phosphate-dehydrogenase, phosphoglucomutase, 6-phosphogluconic acid dehydrogenase, phosphoglucoseisomerase, hexokinase, and NADP-linked isocitrate dehydrogenase. Furthermore, the addition of sorbose to extracts of sucrose-grown Neurospora had no effect on the activities of these enzymes. It appears, therefore, that sorbose has no effect, in vivo or in vitro, on 
DISCUSSION
The results presented in this paper suggest that inactivation of polysaccharide synthesis in Neurospora is involved in the paramorphogenic action of sorbose. This conclusion is consistent with the hypothesis that the cell wall is one of the main determinants of Neurospora morphology (8) . Inactivation of the polysaccharide synthetases by sorbose is evidenced by the significant decrease in the specific activity of the wildtype enzymes in sorbose-grown cultures (Table 3) ; A decrease in the specific activity of wild-type glycogen synthetase has been observed (17) in crude extracts of sorbose-grown cultures. Additional evidence for such inactivation of wild-type synthetases is provided by the results of the in vivo and in vitro studies (Tables 4 and 5 ). Inactivation of the polysaccharide synthetases described in this paper (Tables 3-5) would explain observed decreases in the concentrations of specific glucan polymers (refs. 9 and 10; Mishra and Tatum, unpublished) in sorbose-grown cultures. The correlation between the paramorphogenic action of sorbose and its adverse effect on polysaccharide synthesis is further supported by studies with the patch mutant. This mutant (11) is relatively resistant to the paramorphogenic effect of sorbose; Its sorbose resistance may be due to a change in the synthetases or in the mechanism of sorbose uptake, as reported for several other sorbose-resistant mutants of Neurospora (18) . The facts that the patch synthetases are not affected by sorbose (Tables [3] [4] [5] , and that the patch strain is not deficient in the uptake of sorbose (Mishra and Tatum, unpublished), suggest a change in the patch synthetases due to mutation. However, additional data will be required to establish whether or not the patch mutation causes a primary defect in the structure of the enzymes.
The data on the glucose-6-phosphate requirement for enzyme activity of the digitonin-solubilized fractions of 100,000 X g particles (Table 1) suggest that the I and D forms of Neurospora glycogen synthetase have been fairly completely separated. This enzyme occurs in particles in different organisms studied (19) (20) (21) . The occurrence of I and D synthetases described here confirms the earlier finding of Traut and Lipmann (14) , and is consistent with the occurrence of the two interconvertible forms in different organisms including bacteria (19) , yeast (20) , and man (21) . According to Traut and Lipmann (14) , the I and D forms differ in their affinity for the substrate, the I form having greater affinity for UDPG than does the D form. Traut and Lipmann (14) concluded that glucose-6-phosphate has a special binding site on the synthetase; glucose-6-phosphate binding reshapes the enzyme with a resulting increase in the substrate affinity. The data presented in this paper support these conclusions regarding conformational differences between the I and D forms. The selective digitonin solubilization of I and D forms from the 100,000 X g particles, the specific in vitro inhibition of D enzyme activity by sorbose; and the alleviation of the sorbose effect by high concentrations of glucose-6-phosphate suggest that the I and D forms of the enzyme differ in their conformation. The fact that the D form of the patch synthetase is not affected by sorbose could be explained on the basis of such a conformational change.
Inhibition of the sorbose effect in transfer experiments in the presence of higher concentrations of glucose may be due in part to inhibition of sorbose transport by glucose (22) .
The activation of glycogen synthetase by glucose, as seen in Proc. Nat. Acad. Sci. USA 69 (1972) the synthesis or activity of any of these enzymes.
Neurospora, seems to occur in other organisms, including plants (15) and mammals (23) , and may play a role in the physiological control of carbohydrate metabolism (15, 23) .
Although Neurospora possesses significant amounts of glycogen in its cytoplasm, the occurrence of the a-1,4-linked polymer in the cell wall remains to be evaluated. The existence of glycogen synthetase in the 100,000 X g pellet is established, but its occurrence in the cell wall is not certain. It seems that glycogen synthetase may occur in vesicle-like bodies localized in the hyphal tip, and may there participate in cell-wall biosynthesis. Such occurrence of the synthetase is suggested by the high nucleoside diphosphatase activity of the synthetase particles (Mishra and Tatum, unpublished); nucleoside diphosphatase is a known marker of vesicles or Golgi bodies (24, 25) . Vesicles are reported to be localized in the apical region of Neurospora hyphae (26) .
The occurrence of Neurospora P-1,3-glucan synthetase in the cell wall is suggested by the observed association of this enzyme activity with the cell-wall preparations. The localization of 3-1,3-glucan synthetase is also suggested by the absence of this enzyme activity from other soluble and particulate fractions. Such a localization of 0-1,3-glucan synthetase has been observed in other fungi having f-1,3-glucan as a major component of the cell wall (27 
